Objective: To study the prevalence of renal stones and nephrocalcinosis in patients with primary hyperparathyroidism (PHPT) and to appraise biochemical variables as risk factors for developing renal calcifications. Design: Cross-sectional. Materials and methods: All patients (nZ177) undergoing diagnostic evaluation and surgery for PHPT at Aarhus University Hospital between 2007 and 2009. All patients underwent routine spiral CT scans of the abdomen to determine the presence or absence of renal calcifications. Results: A total of 45 patients (25.4%, 95% confidence intervals: 19.0-31.4%) had renal stones (15.3%) and/or renal calcifications (10.2%) on the CT scans. Compared with those without calcification (nZ132), the group with calcification had a significantly lower plasma creatinine level (67.0G25.1 vs 74.6G17.5 mmol/l, 2PZ0.03). Moreover, CaE was higher in PHPT patients with renal calcification than in PHPT patients without (0.91G0.28 vs 0.74G0.40 mmol/mmol, 2PZ0.02). The other measured or derived biochemical variables were similar in the two groups. No biochemical variable was predictive for renal calcifications in a multiple regression analysis. Conclusion: We found a high prevalence of renal calcifications among PHPT patients but no deterioration of renal function. The occurrence of calcifications was related to low plasma creatinine and a high urine calcium/creatinine ratio. However, biochemical markers in general were poor predictors for the risk of renal stones or nephrocalcinosis indicating that routine image diagnostics may be needed for the identification of these complications in order to establish indication for surgery and ensure proper treatment.
Introduction
Primary hyperparathyroidism (PHPT) is a common disease with a population prevalence traditionally estimated to be 0.1-0.4% (1, 2, 3) , previously estimated to be 0.1-0.4% (2, 4) and recently up to 0.7% (5, 6) . The diagnostic incidence has increased considerably after the introduction of multichannel biochemistry. Nowadays, PHPT is often diagnosed by chance in relation to biochemical screening, primarily in middle-aged to elderly patients with subtle or nonspecific symptoms (7) . PHPT is caused by a monoclonal parathyroid adenoma (85-90%) or by multiglandular hyperplasia (10-15%) and is characterised by increased circulating parathyroid hormone (PTH) levels in spite of hypercalcaemia (2) . The elevated PTH levels are related to a shift in the set point of calciumregulated PTH secretion. This means that the normal inverse sigmoid relationship between PTH and calcium still exists, but the curve is shifted to the right so that higher plasma calcium levels are needed to suppress PTH (8, 9) .
The elevated PTH increases plasma and urinary calcium in several ways. In the kidneys, PTH stimulates the renal tubular reabsorption of calcium (TRCa%) (8) . However, in spite of the increased reabsorption, the renal calcium excretion is typically increased due to an increased filtered load (10) . In the bones, the PTH elevates plasma calcium by promoting osteoclastic bone resorption (9, 11) and possibly also by enhancing the active transport of calcium over the bone-extracellular fluid barrier mediated by osteocytes and lining cells (12) . PTH also increases the renal production of calcitriol (1, 25 (OH) 2 D) by activating the enzyme 25OHD-1a-hydroxylase (13, 22) . Finally, calcitriol stimulates the intestinal calcium absorption (14) and to some extent promotes the renal TRCa% (15) . In addition, PTH decreases the renal tubular reabsorption of phosphate (8) , whereas calcitriol increases intestinal phosphate absorption (10) .
The aetiology of renal stones is multifactorial; however, hypercalciuria is considered to be one of the primary risk factors (16) . In accordance, PHPT is a known risk factor for renal stone formation, which is observed with an estimated prevalence of 7-40% (17, 18) . Furthermore, among patients presenting with renal stones, the prevalence of concurrent PHPT is around 2% (19) . However, the precise relationship between the clinical presentation of PHPT and the increased formation of renal stones is not completely understood as only some (20) , but not all (19, 21) studies have shown an increased renal calcium excretion in PHPT patients with renal stones. Young age at the time of diagnosis (17, 20, 21, 22, 23, 24) and male gender (17, 20, 23, 25) have often been associated with renal stones, whereas divergent results have been reported for other variables including parathyroid pathology (17, 21, 22, 23, 26, 27) , plasma calcium (17, 20, 21, 22, 23, 27) , plasma PTH (17, 20, 22, 27) , plasma calcitriol (13, 17, 27) , diuresis (17, 26) and other biochemical variables such as urinary citrate (17, 26) . To prevent stone formation in the urinary tract, there are inhibitors and among these citrate is the most important. In PHPT, calcium binds to citrate and lowers the urinary tract's defence against stone formation (28) .
Aim of the study
We aimed at investigating the present prevalence of renal calcification among patients operated for PHPT who had a routine spiral CT investigation performed and to explore the possible differences in demographic and biochemical variables between patients with renal calcification and patients without. In this study, renal calcification is defined as both renal stones (stones in the urinary tract) and nephrocalcinosis (presence of calcification in the renal tissue).
Materials and methods
All patients who are suspected of having PHPT (DE210) in the Central Jutland Region of Denmark are referred to the University Department of Medical Endocrinology and Internal Medicine (MEA) at the Aarhus University Hospital where the indication for surgery is decided based on symptoms, complications and feasibility in collaboration with the surgeons. A small proportion of patients (around 5%) are referred directly to surgery from other regional hospitals. Approximately 95% of the patients underwent surgery for their condition at the neighbouring Department of Surgery. We performed the current investigation as a cross-sectional study using a historic cohort of PHPT patients consecutively referred during the period [2007] [2008] [2009] . CT scans are a routine procedure in our clinic. All patients gave consent for the examinations. Owing to lack of consent, some patients do not undergo CT scans. As the study was a retrospective study, no approval from the Ethical Committee was needed under Danish law. The total cohort included originally 311 PHPT patients who had undergone parathyroid surgery (code KBBA 00-99). All patients were included in this cohort irrespective of symptoms or severity of disease. However, from this cohort, we excluded 43 patients with wrong operation codes and parathyroid implantations (KBBA70), 68 because of lack of spiral CT scans due to various reasons (previous ultrasound investigation or CT scan at referring hospital, refusal, no appearance or administrative errors) and 23 for other reasons: hypercalcaemia caused by chronic renal disease (tertiary hyperparathyroidism) (29) , biochemical variables could not be retrieved (29) , and errors in entry of central personal registration number (13)). Patients with familial hypocalciuric hypercalcaemia (FHH) were eliminated based on a low calcium/creatinine clearance ratio and evidence of inactivating mutations of the CASR gene (30) . After exclusion (Fig. 1) , the study consisted of 177 hypercalcaemic patients with a mean of two to four calcium measurements and plasma intact PTH in the upper one-third of the normal range or elevated (P-PTH O5 pmol/l) (31) . The patients were then divided into two groups, with or without renal calcification on spiral CT scan, and the blood and urine samples were compared. No patients had both renal stones and nephrocalcinosis.
Methods
As a part of routine diagnostic work-up, almost all our patients had a spiral CT scan (Philips Mx8000) of the abdomen, performed to confirm or disprove the presence of renal calcification. CT findings were subdivided into frank renal stones located in calyces, pelvis and ureters and nephrocalcinosis with calcifications of the renal tissue but no calcifications in the urinary tract system. As a routine, we measured plasma and 24-h urine calcium and creatinine, and plasma Ca 2C , albumin, creatinine, phosphate and alkaline phosphatase by standard laboratory methods. We determined plasma intact PTH using the second-generation Elecsys 2010 immunoassay (Roche Diagnostics). The interassay coefficients of variation (CV) were !6%. We measured plasma 25OHD levels by isotope dilution liquid chromatography-tandem mass spectrometry using calibrators traceable to NIST OSRM 972. The interassay precision was 9.4 and 8.8% at 32.0 and 59.7 nmol/l respectively, for 25OHD 3 and 8.6 and 8.0% at 23.4 and 64.4 nmol/l respectively, for 25OHD 2 . The detection limit was 10 nmol/l for both metabolites (32) . We measured plasma 1,25(OH) 2 D by RIA (IDS) with interassay CV from 11 to 18% at plasma levels from 18 to 111 pmol/l. The renal excretion of cross-linked N terminal telopeptide of type 1 collagen (NTx/creatinine ratio) was quantified by ELISA on the second void morning urine using an automated instrument (Vitros ECI; Ortho Clinical Diagnostics, Amersham, UK). The NTx CV was between 4.7 and 8.5% at urine levels at 73-541 nmol BCE/mmol creatinine. All biochemical analyses were performed in an ISO standardised laboratory (Department of Clinical Biochemistry, Aarhus University Hospital) with daily quality control procedures. From plasma and urine variables, we calculated the renal creatinine clearance (ml/min), the renal calcium/creatinine excretion ratio (CaE mmol/mmol) and the renal TRCa%.
For each variable mean value, S.D. and 95% confidence intervals (CIs) were calculated, and they were compared by t-tests or F-test as appropriate. A mutually adjusted multivariate logistic regression analysis was performed to identify potential predictors of presence of renal calcifications. Significance level was P%0.05. All calculations were performed using Microsoft Excel and IBM SPSS 19.0 (SPSS Inc., Chicago, IL, USA).
Results
Among the 177 patients, postoperative pathological examinations revealed parathyroid adenomas in 91% of the patients and hyperplasia in 9% of the patients. In total, 45 had spiral CT-confirmed renal stones (nZ27) or nephrocalcinosis (nZ18) while 132 did not, yielding a total prevalence of renal calcifications of 25.4%, 95% CIs 19.0-31.9% (Table 1) .
The average p-creatinine values were within the normal range in both the groups, but patients The renal calcium/creatinine excretion ratio (CaE mmol/mmol) was higher in PHPT patients with renal calcifications than in PHPT patients without (0.91G0.28 vs 0.74G0.40 mmol/mmol, PZ0.02). However, the power to predict calcifications was low with a partial squared correlation coefficient of only 0.08. In an overlap performance analysis, it did not seem that a cut-off level for CaE existed below which renal stones did not form.
The renal TRCa% did not differ between groups, neither did plasma phosphate (0.86G0.19 vs 0.80 G0.19 mmol/l, P!0.08).
The two groups had equal plasma 25OHD levels with mean values and CIs within the normal range. In contrast, plasma 1,25(OH) 2 D levels were increased compared with the reference range in 41.1%, 95% CI 33.5-49.1%, of the patients. Stone formers had insignificantly (P!0.07) higher plasma 1,25(OH) 2 D levels, 195 (95% CI 171-219) pmol/l, than non-stone formers, 172 (159-184) pmol/l, but the difference was not significant (P!0.07). Table 2 shows a mutually adjusted multivariate logistic regression analysis of biochemical variables vs presence or absence of renal calcifications. In the adjusted model, none of the variables were predictive of renal calcifications.
A direct comparison of patients with renal stones and patients with nephrocalcinosis without renal stones disclosed no significant differences between the two groups concerning gender, height, body mass index (BMI) or biochemical variables (Table 3 ). However, the mean age was lower in patients with renal stones than in patients with nephrocalcinosis (57.7G12.2 vs 64.8G7.4 years, PZ0.03). Furthermore, in a mutually adjusted logistic regression analysis, none of the included biochemical variables could predict the nature of the observed calcifications ( Table 4) . Inclusion of age, gender and BMI did not change these results.
Discussion
We found the prevalence of renal calcification among operated PHPT patients on CT imaging to be 25.4% (95% CI 19.0-31.9%). This is in contrast to the findings of Odvina et al. (17) who reported a frequency of 60% found by a history of passing stone, removal of stone or roentgenogram. They retrieved data from 131 patients aged R18 years and diagnosed with PHPT by hypercalcaemia, high PTH levels and no secondary cause of hyperparathyroidism. They excluded patients with moderate-severe diarrhoea syndrome and impaired renal function. Our findings are also in contrast to the prevalence of 7% found by routine renal sonography by Suh et al. (18) . They retrospectively investigated 271 with surgically proven parathyroid adenomas. Berger et al. (26) found a prevalence of 20% based on the history of patient reporting of stone passage and previous stone-related procedures. They examined 54 symptomatic patients with PHPT at a referral centre for parathyroid surgery who completed 24-h preoperative urine collection. In addition, Bandeira et al. (29) found a prevalence of renal stones among PHPT-diagnosed patients to be 45% based on 22 patients and giving no information on how they diagnosed renal stone. We would have expected a lower prevalence than that in previous studies because of the earlier diagnosis and treatment of PHPT in recent times. Taking into account that the study of Odvina et al. (17) also includes the history of previous stones, our study suggests that the prevalence of stones has not decreased. It also points to the importance of including previous stones in the evaluation of risk of stones in PHPT. Our prevalence of renal calcification was higher than the prevalence reported based on sonography (18) . This may suggest that a CT scan in a cross-sectional setting is more sensitive than sonography in the diagnosis of nephrocalcinosis and should be used for the routine examination of the patients. It is difficult to conclude on the prevalence of renal stones in PHPT as the reports vary from 7% (18) to 60% (17) . The wide range in reported prevalence of stones is difficult to explain but may be based on the differences between studies in study populations, assessment of previous clinical stones and methodology used to identify calcifications and persistent stones. It is noteworthy that in our study, none of the biochemical parameters were predictive of presence of renal calcifications in an unadjusted model except for plasma creatinine and the renal calcium/creatinine clearance rate (CaE).
No association between serum calcium levels and prevalence of renal stones or nephrocalcinosis was present. It thus did not change the estimates to present the data separately according to the severity of the disease. This is a key finding, as it shows that even among patients with seemingly mild disease, the prevalence of renal calcifications may be high.
We found a significantly lower p-creatinine among PHPT patients with renal calcifications, especially in those with renal stones compared with non-stone formers. This finding suggests that the renal stones have not damaged the renal function. The lower plasma creatinine levels among patients with renal calcifications could be explained by a better renal function or a reduced muscle mass. From a physiological point of view, a higher creatinine clearance in stone formers would increase the renal filtered calcium load independent of plasma calcium and thereby increase the tendency towards hypercalciuria. The renal TRCa% could theoretically influence this tendency, but we found no difference between the groups in TRCa. However, the lack of significant differences in these variables between the two groups preclude any final conclusion regarding the relationship between low plasma creatinine and renal calcifications. This may be due to a type 2 error underlining the need of more statistical power to solve this question. The renal calcium/creatinine excretion rate (CaE) was increased in our PHPT patients with renal calcifications compared with those without calcifications. This supports that the renal calcium excretion rate may be a risk factor for renal calcifications. There was no significant difference in 24-h calcium excretion between the groups, although the average value was higher in stone formers than in non-stone formers. However, CaE may be a better measure of calcium excretion because it, to some extent, adjusts for urine collection errors and individual differences in body size (33).
The average plasma calcium level tended to be relatively high in the present population compared with other studies (24), although at the same level as in other Danish series (34, 35) . This may be explained in several ways. One possibility is a general diagnostic delay in Denmark. Another explanation could be that we insist that the patients are demonstrably hypercalcaemic to undergo surgery, such as the present population has done. Finally, we usually do not recognise the term normocalcaemic hyperparathyroidism. Study populations may therefore not be comparable. In a steady state situation with respect to plasma calcium, renal calcium excretion reflects the amount of calcium absorbed from the gut and lost from the skeleton. In our study, we found a borderline significant increase in plasma 1,25(OH) 2 D in stone formers compared with non-stone formers.
We did not find any significant difference between groups in any of the other variables. In accordance with a previous study (29) , we found no difference between groups in p-25OHD, although low vitamin D status may be associated with higher PTH levels in PHPT and a more severe clinical presentation (13, 29, 36) .
The biochemical variables seemed to be unreliable in the prediction of renal stones in PHPT patients. Therefore, we cannot recommend using neither single nor multiple biochemical parameters in screening for renal stones. This is in accordance with the previous findings (26, 29) . A recent larger clinical review could not identify any factors that increased the risk of renal calcification (beside male gender and young age) but concluded that CT scanning is the best way to diagnose nephrolithiasis (25) . This is in accordance with our findings.
Previous studies have not addressed any differences between renal calcifications and frank renal stones. In our study, renal stones were more common in younger individuals. Renal stones are also most often observed in younger non-PHPT individuals (4, 37), although some report differently (1) . Hence, our finding could just be explained by an increased risk of renal stones with young age in the general population.
Limitations to study
The included patients in this study represent all patients diagnosed with PHPT in the Central Denmark Region in [2007] [2008] [2009] . This eliminates most kinds of inclusion biases. On the other hand, 68 patients were excluded because of missing CT scans and a variable number of patients were excluded because of missing blood/urine samples. It was not investigated whether these excluded patient groups differ from the final cohort, which makes this a possible source of error. Another group of patients were excluded because they were not found to fulfil the criteria of PHPT. This should not have influenced the results of the study. This is a historic cohort study. However, bias may be reduced by the fact that all data were collected independently of the aim of this study. Furthermore, all medical and surgical records were retrieved and adjudicated by two researchers (J Starup-Linde, E Waldhauer) at the time of study. Potential disagreements were resolved by consensus. Surgery was performed at a single surgical department specialised in parathyroid surgery. In all cases, the diagnosis of PHPT was confirmed by a histopathological examination of the removed tissue. Patients with FHH that may mimic PHPT were thoroughly excluded by routine determination of the calcium/creatinine clearance ratio and a CASR gene test in suspected cases (30, 38) . Furthermore, the population in the region is primarily Caucasian, which makes the cohort homogeneous. Finally, the number included in our study is to our knowledge the largest in a study dealing with PHPT and renal calcification.
Conclusion
We found a high prevalence of renal calcifications (25.4%) among PHPT patients without deterioration of renal function. The occurrence of calcifications was related to low plasma creatinine and a high urine calcium/creatinine ratio. However, biochemical markers in general were poor predictors of the presence of renal calcifications, indicating that routine image diagnostics by CT scan may be needed for the identification of these in order to ensure proper treatment and to set the indication for surgery.
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